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After a smear has been prepared, it is placed in the analyzer either manually or by use of an optional 14-slide magazine that automatically loads that many slides into the analyzer sequentially. The analyzer is equipped with a microscope having a motorized stage. The image produced by the microscope is split into three beams, one going to a cell detector, an array of photodiodes; another to the microscope eyepieces for operator visualization; a third to a video camera system. After a cell has been isolated by the photodetector system, it is scanned by the video camera at two resolutions and at two wavelengths (green and yellow-red), and information thus derived (e.g., size, shape, texture, color, etc.) is digitalized for processing by an image-analyzing computer. A television screen on the analyzer displays the image processed by the camera. Upon completion of a 100-cell differential count, the report is printed automatically on a report form that can be used to record Coulter Counter data as well (Fig. 2) . Details ofthe description and principles ofthe system can be obtained from the manufacturer.t
Materials and Methods
A prototype diff3 System was evaluated for a period of five weeks in the Laboratory Service of the New York Veterans Administration Hospital, a universityaffiliated general care facility with an average daily census of about 850 patients. Approximately 250 complete blood counts are requested each weekday during the day shift, and an additional 50 ordered at night. In the first four weeks of the evaluation a protocol that is summarized in the flow chart (Fig. 3 ) was followed.$ Briefly, for each sample selected for inclusion in the study, two smears on glass slides were made by the diff3 spinner and stained with diff3 reagents. For routine visual examination, three smears were made by laboratory personnel by the manual slide method. One of these was analyzed once by laboratory technicians. The latter were not aware that the smears they were examining were part of the study. The other two manual smears were analyzed once each by the two referees. "Truth" was defined as the average of four 100-cell differentials resulting from referee analysis of these two smears. The referees were senior supervisory-level technologists. Comparisons made between "truth" and the diffi System and between "truth" and the laboratory technicians were subjected to statistical analysis. When the diff3 was compared with the referees, the mean of referee values was used, whereas only one diffi value was used (values from the C slide were arbitrarily chosen). In the fifth and final week of the evaluation, throughput, flagging rates, and general suitability of the instrument to the laboratory environment were examined.
A total of 247 samples was studied. These were preselected either from preliminary clinical evaluation or from examination of Coulter Counter data to include hematologically normal patients (about one fifth), and patients with as wide a range of hematologic abnormalities as was available (about four fifths). Approximately 20% of the specimens were repeat samples from the same patients, derived and analyzed on separate days. The numbers and types of some of the abnormalities found in the total sample number from this predominantly male population are summarized in Table 1 .
Subsequent examination of the clinical records of the "normal" group showed very few individuals whose medical conditions could be classified as "normal." Therefore, normal ranges for applicable hematologic modalities used in this evaluation were those of Wintrobe, 9 except for band cells and segmented neutrophils. Both referees and laboratory personnel classified these cells according to the criteria of the College of American Pathologists, 3 which require a filament to be present between lobes in a segmented form. Indeterminate cells are placed in the segmented category. Because they used similar criteria, we accepted the range of Mathy and Koepke 6 of 0-6% bands as normal in manual differential counts. Diffi normal ranges were those derived from a previous evaluation of the instrument, in which the mean and 95% confidence limits were established for each modality in a group of young, healthy volunteers. 7 The instrument uses different criteria for defining band cells and segmented cells (it cannot resolve filaments and instead analyzes optical density of the nucleus, the chromatin pattern, and the color of the cytoplasm for identification of these cells), and a different normal range for instrument-counted band cells (0-16%) had been established.
The laboratory personnel and referees did not have previously clearly defined criteria for delineating normal and abnormal ranges for erythrocytic morphology; therefore, we arbitrarily established the ranges shown in Table 2 . Instrumental analysis of erythrocytic morphology is more systematic than visual methods. Thus, shape is determined by comparing cell perimeter with area, size by direct measurement, and color by central pallor and color ratios. Normal ranges for the diffi System derived from the previous evaluation are also shown in Table 2 . Despite the quantitative guidelines presented to laboratory personnel and referees, sub-jectivity remained an important feature of the qualitative visual evaluation of erythrocytic morphology. Erythrocytes were not enumerated; each observer had his own concept of ratios of abnormality ingrained through experience. Referees and laboratory personnel had been working together for a considerable period of time, however, and thus concepts of gradation of abnormalities or erythrocytic morphology might have been expected to be comparable.
Leukocyte counts and platelet counts reported by the difO actually represented a translation to volumetric terms of the instrument's estimates of cells per unit area. For platelets, the same information was also expressed in qualitative terms as "low," "normal," and "high." DifO platelet counts were compared with counts done on the Technicon Autocounter.® For platelet counts less than 100 x 10 9 /1 on the latter, manual counts by the Rees-Ecker method served as the referee value. For platelet estimates, the diff3 normal range corresponded to 100-400 x 10 fl /l. Three to 20 platelets per oil-immersion field was the normal range for visual platelet estimation. Diff3 leukocyte counts were compared with those derived from the Coulter S.® Various statistical methods were used to analyze the data obtained from this protocol. Absolute leukocyte counts and platelet counts from the difO were compared with those of referee instruments by the / test for paired data and correlation analysis. Differential cell counts were analyzed by correlation analysis. Scatter diagrams were made and correlation coefficients calculated for each cell type. Differences in correlation coefficients were evaluated using the / test. 8 Leftward shift in the neutrophilic series was assessed by enumerating bands and comparing the referee and the test methods in a 3 x 3 table according to the following categories: normal band number, as much as two times normal, and more than two times normal. Chi-square analysis was then done to determine whether the two methods differed significantly. Platelet estimates (high, normal, low) were compared using a similar 3 x 3 table. Erythrocytic morphology data § were analyzed by categorizing results into one of four groups (normal, slightly abnormal, moderately abnormal, and markedly abnormal) and comparing each test method with the referee by assessing agreement along the diagonal of the resulting 4 x 4 tables. The degree of association was determined by using the statistic kappa.
11 The sensitivity, specificity, and § All samples flagged by the diff3 were excluded from erythrocytic morphology analysis. This resulted in a total of 173 samples in which erythrocytic morphology was studied. efficiency** 5 of each method were computed for various morphologic modalities by use of the referee categorization of normal or abnormal as the standard. The two methodologies, i.e., laboratory personnel and If observed agreement is greater than chance agreement, then kappa will exceed 0, reaching 1 when perfect observed agreement exists. The significance of kappa can be evaluated using a normal distribution with an expected kappa equal to O. Results The results of the differential counts are summarized in Figure 4 . Each comparison includes a line of theoretical perfect agreement, flanked by dotted lines showing the 95% confidence limits for a 100-cell differential count. 1 Comparisons of Referee 1 with Referee 2 are presented to show the extent of agreement between supervisors at this institution.
Analysis of the correlation coefficients calculated for the various comparative methods showed no significant difference, with the exception that the diffi was more closely correlated with itself than one referee was with the other in the measurements of segmented neutrophils (.05 < P < .10) and monocytes (P < .02). The discrepancy between the instrument and visual methods in the classification of segmented and band neutrophils was expected because of the instrument's programmed definition of these cells, which was manifested by a higher instrument normal range for band neutrophils. This also caused a general shift of compared results to the left of the line of agreement in the scatter diagram for segmented neutrophils and to the right of this line for band neutrophils when the diff3 was compared with the referees. However, when the laboratory and diff3 were compared with the referees in their abilities to detect both the presence and the magnitude of leftward shifts, no significant difference was found between them when the data were subjected to chi-square analysis. Basophils and eosinophils were not analyzed statistically because of the small number of cells involved. Although there was some problem with basophils initially because of dissolution of granular contents during the staining procedures, the performance of the system in identifying these cells was subjectively satisfactory.
Erythrocytic morphology data are summarized in Table 3 . Figure 5 illustrates how some of the data were utilized and subsequently interpreted. Results were grouped into four categories for the assessment of sensitivity, specificity and efficiency. The values on the diagonal lines represent agreement from which the statistic kappa is calculated. This particular set of data for macrocytosis as evaluated by the diffi illustrates the utility of the statistic kappa. The clustering of results in the normal range with no agreement in the abnormal range could have occurred by chance alone, and kappa is not statistically significant. This was shown to be true also for polychromasia, for which the extent of agreement between the diffi and referee could also have occurred by chance. In both instances, this reflected a distributional pattern showing a large number of correct normal results but failure of the instrument to identify the few abnormal specimens in these categories (i.e., ten examples of macrocytosis and 13 of polychromasia). Laboratory personnel values for the same modalities do produce statistically significant kappas. Chi-square analysis for all erythrocytic morphology categories indicated inferior efficiency of the instrument only in identification of hypochromasia (Table 3) .
Data comparing the diffi absolute leukocyte counts with the Coulter S are presented in the scattergram in Figure 6 . The average difference between the two methods was not significant (.10 < P < .20) by paired t test analysis, and correlation analysis showed a correlation coefficient between the two methodologies of .85. By comparison, the correlation coefficient of two Coulter Counters performing leukocyte counts on a series of more than 100 samples in our laboratory was .99. These correlation coefficients are significantly different at the P < .01 level. Figure 7 shows the comparison of platelet counts done on the Technicon Autocounter with those of the difO. The average difference between the two methods was significant using a / test for paired data (P < .01), with a correlation coefficient between the two methods of .67. However, examination of difO platelet estimate data indicates that this function may have some utility. When the laboratory and diff3 estimates were compared with referee estimates, the resulting efficiencies were 87% and 75%, respectively. Chi-square analysis indicates a significant difference between the methods at the P < .05 level but not at the P < .01 level.
An important aspect of the evaluation was the flagging performance by the diff3 System. Criteria for flagging used by referees, laboratory personnel, and the diff3 were arbitrarily chosen as those for which the instrument has been programmed for review, and are listed in Table 4 . It must be emphasized that these criteria are similar, but not identical, to criteria that might be used for manual methods. In actuality, they represent patterns of results that the manufacturer has determined may exceed the instrument's capabilities. Obviously, the instrument has not been programmed to flag many other highly abnormal patterns because instrument limitations are felt not to present a problem with these patterns. A summary of the flagging performances of the diffi and the laboratory is presented in Table 5 . Some modalities on the flagging list are applicable only to the diffi and not to laboratory personnel. When two such categories were eliminated, namely, isolation of fewer than 50 erythrocytes and Correlation coefficients (r) and t values for compared methods are shown above the scatter diagrams. Unless indicated, correlation coefficients did not differ significantly, a = significant differences existed at the P < 0.10 level; b = significant differences existed at the P < 0.05 level; r = correlation coefficient; t = t test was performed after logarithmic transformation of correlation coefficients. to both the laboratory and the instrument, the laboratory flagged five. One was a "preleukemic" sample in which one referee identified blasts but the other did not. Another was a sample with a leftward shift in which the referees average 14% immature granulocytes, the laboratory 9%, and the diff3 only 2% with 20% bands. A third sample had nucleated erythrocytes that the instrument failed to detect, but it did report abnormal morphology (45% hypochromia in a specimen from a patient with polycythemia vera, who had a low mean corpuscular volume and a mean corpuscular hemoglobin concentration of 27 g/dl). A fourth was another sample with a leftward shift, with a referee report of 5% immature granulocytes; the instrument recorded no immature granulocytes but did report 49% bands. Finally, one sample had a nucleated erythrocyte flagged by the laboratory for an inappropriate reason (more than 60% lymphocytes).
Of the ten samples that both the laboratory and the instrument missed, nine misses were due to nucleated erythrocytes and one, to the presence of more than 3% immature granulocytes. In examining six of the nine nucleated-erythrocyte specimens, one referee failed to find such cells on at least one slide.
Of the laboratory's 18 false-negative results, the diff3 flagged 8; five of these were missed nucleated erythrocytes that the instrument flagged because it was unable to isolate more than 50 erythrocytes, a possible fortuitous event. The other three included nucleated erythrocytes, blasts, and less than 30% bands and segmented neutrophils that the instrument correctly identified. There was no discernible qualitative difference between the types of errors in the false-negative category between the laboratory and the difO.
True-positive flagging by the instrument ranged the entire gamut of abnormalities and included every the correct identification of platelet counts less than 50 x 10 9 /1, the false-positive rate for the instrument was reduced to 6% (16/247) and the false negative rate to 6% (15/247).
Because false-negative results are so important, these were studied in some detail. Of the 15 instrument false-negative results in categories applicable category in Table 4 except the criterion of more than 70% lymphocytes and monocytes, an abnormality not present in any of the samples in this series. Examination of the data in Table 5 shows that with regard to flagging sensitivity, the two methodologies were comparable. Specificity and efficiency of the instrument were inferior because of the high number of false-positive results.
In the final week of the study, throughput, flagging rates in routine laboratory work, and suitability of the instrument to the laboratory setting were studied. Throughput during actual running time was approximately 30 samples per hour. Making slides and staining required approximately 30 minutes lead time. Startup time for the instrument itself was less than lead time for making slides. Shutdown time, which involves de-oiling of the instrument, took less than 10 minutes each day.
In our study of approximately 1,000 samples during the one-week period, the flagging rate was high-22%. It ranged from 14 to 30% daily. As has been stated, there was a large number of false-positive results. An analysis of the 33 of 197 (17%) flagged specimens during one day's run showed that a third were flagged because of low platelet counts and approximately 20% because fewer than 50 erythrocytes were isolated in the analysis. Approximately 25% involved an abnormality of one cell only, and although the manufacturer clearly advises full review of such cases, our experience has been that in most cases these can be easily and quickly handled on-line. Only 21% (7) had several abnormalities that necessitated additional extensive review.
We found that approximately 1.5 technicians were required to run the instrument during the regular daytime shift. This involved two technicians making slides and operating the analyzer in the morning and one performing these functions in the afternoon. At its present rate of throughput, without downtime, this system can easily perform more than 200 blood smear analyses per each eight-hour day.
Technician acceptance of the instrument has been good. Since blood smear preparation can be boring under any circumstances, we recommend periodic rotation of this function during the day. The instrument is simple to operate, and the training time needed is correspondingly short. There was virtually no downtime on the analyzer itself during the evaluation; the spinner was also quite durable but was nonfunctional for more than 24 hours once during this five-week period.
We feel that the cost of the instrument can be justified. Our estimation of the costs per analysis using the manual method and the diffi System is presented in Table 6 . The assumptions made in determining these costs are obviously specific to the laboratory.
Summary
Evaluation of an instrument that performs automated differential counts, including erythrocytic morphology determinations and platelet and leukocyte estimates, is difficult because of the absence of objective standards by which performance in some of these areas is judged. Our studies indicate that the diffi System performs about as well as laboratory personnel in most of these measurements; one area where our data indicate inferior performance most convincingly is hypochromia of erythrocytes.
The ability to perform more than 200 differential counts using less than two technicians during an eighthour shift suggests probable cost-effectiveness for many laboratory settings. The instrument does the same things technicians do using traditional concepts of blood cell identification and erythrocytic morphology. In our laboratory the instrument was well accepted by technologists and "fit in" well with our routine operations. In our experience, use of an automated system for differential counts has emphasized the need for uniform criteria that can be applied to the evaluation of peripheral blood smears.
A D D E N D U M
According to the manufacturer, the prototype instrument used in this work differed from those commercially introduced in only two substantive areas: (1) an improvement was made to the hydraulic system of the pipettor/diluter device on the spinner to jmprove the reproducibility of blood-diluent mixing, and (2) the criterion for classifying an individual erythrocyte as normal or hypochromic was adjusted in the analyzer software so as to lower the normal range of the instrument for hypochromia. Both changes were made in response to the data presented in this paper.
